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Abstract 
Constructing heterostructures is an effective strategy for designing efficient electrocatalysts. MoS2 is a 
star catalyst for hydrogen evolution reaction (HER) in acidic media; however, the alkaline HER activity is 
deficient due to the sluggish water dissociation process. Herein, Ni(OH)2/MoS2 heterostructures with 
Ni(OH)2 nanoclusters epitaxially decorated on the surface of MoS2 are synthesized towards the alkaline 
HER. As compared with MoS2, the epitaxial Ni(OH)2/MoS2 heterostructures show significantly enhanced 
HER activity in 1 M KOH, and the overpotential is decreased by nearly 150 mV to reach a current density of 
10 mA cm-2. The substantial increase in turnover frequency (TOF) demonstrates that the intrinsic activity 
is greatly improved after the incorporation of Ni(OH)2 nanoclusters. The presence of Ni(OH)2 
nanoclusters would provide additional water dissociation sites while MoS2 is ready for the adsorption 
and combination of the generated H*, and this so-called synergistic effect eventually induces significantly 
enhanced alkaline HER kinetics. Besides, the electron transfer from Ni(OH)2 to MoS2 increases the 
proton affinity of MoS2. The present results describe an interesting case of an atomic-scale 
electrochemically inert material promoted HER process, and would open a new avenue into designing 
efficient hetero-nanostructures towards electrocatalytic applications. 
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Constructing heterostructures is an effective strategy for designing efficeint electrocatalysts. MoS2 is a star catalyst for 
hydrogen evolution reaction (HER) in acidic media; however, the alkaline HER activity is deficient due to the sluggish water 
dissociation process. Herein, Ni(OH)2/MoS2 heterostructures with Ni(OH)2 nanoclusters epitaxially decorated on the 
surface of MoS2 are synthesized towards alkaline HER. As compared with MoS2, the epitaxial Ni(OH)2/MoS2 
heterostructures show significantly enhanced HER activity in 1M KOH, and the overpotential is decreased by nearly 150 
mV to reach a current density of 10 mA cm-2. The substantial increase in turnover frequency (TOF) demonstrates that the 
intrinsic activity is greatly improved after the incorporation of Ni(OH)2 nanoclusters. The presence of Ni(OH)2 nanoclusters 
would provide additional water dissociation sites while MoS2 is ready for the adsorption and combination of the generated 
H*, and this so-called synergistic effect eventually induces significantly enhanced alkaline HER kinetics. Besides, the 
electron transfer from Ni(OH)2 to MoS2 increases the proton affinity of MoS2. The present results describe an interesting 
case of atomic-scale electrochemically inert material promoted HER process, and would open a new avenue into designing 
efficient hetero-nanostructures towards electrocatalysis applications. 
Introduction 
Heterostructures have received extensive attention in recent 
years due to their potential applications in a variety of 
research fields, such as semiconductors, sensors, photoelectric 
devices, and electrochemical catalysts.
1-3
 The abundant 
interfaces in heterostructures usually possess unique 
physicochemical properties as compared with their single-
component counterparts.
4, 5
 To date, heterostructures based 
on transition metal dichalcogenides (TMDs) are being 
developed rapidly toward electrochemical water splitting, 
especially for hydrogen evolution reaction (HER) in acidic 
media.
3, 6
 On the one hand, 2D TMDs usually possess high 
intrinsic activities owing to the moderate binding energy to 
hydrogen or partially-filled Eg band.
7, 8
 On the other hand, 
constructing heterostructures is helpful for exposing more 
active sites,
9-12
 modulating the electronic structures at the 
interfaces,
13
 and inducing synergistic effects between different 
components.
3, 13-15
 Therefore, TMD-based heterostructures 
usually exhibit greatly enhanced HER catalytic activity over the 
bare TMDs catalysts. 
Compared with the HER in acid media where protons directly 
come from the solution, the alkaline HER is more complicated 
since protons are provided by splitting water molecules. 
Consequently, the reaction kinetics of alkaline HER is severely 
impeded by the initial water dissociation step, and the overall 
reaction kinetics is generally two to three orders of magnitude 
lower than that in acidic media.
16
 Although TMD-based 
heterostructures have been successfully demonstrated in acid 
media, developing advanced TMD-based heterostructured 
catalysts toward alkaline HER is still in its infancy. Despite the 
moderate hydrogen binding energies that they may possess, 
most TMDs are usually not favorable for the water adsorption/ 
dissociation process.
17, 18
 Thus, decorating TMDs with a second 
phase with an appropriate water binding energy is an efficient 
strategy to boost alkaline HER activity. 
Recently, it was reported that Ni(OH)2 can promote the 
alkaline HER activity of various metal electrodes. The 
promotion is ascribed to the synergistic effect between 
Ni(OH)2 and metal catalysts, where Ni(OH)2 breaks water 
molecules and the generated hydrogen subsequently adsorbs 
on metal surfaces.
19-22
 Similar activity improvement induced by 
Ni(OH)2 was also demonstrated in other types of materials.
23-25
 
However, it is worth noting that Ni(OH)2 is catalytically inert 
for HER and it only works for dissociating water molecules. 
Thus, the ideal situation is to minimize the content of Ni(OH)2 
in order to achieve the optimal mass-based activity. In this 
work, we synthesized Ni(OH)2/MoS2 heterostructures with 
atomic-scale Ni(OH)2 clusters epitaxially deposited on the 
surface of MoS2. Although the content of Ni(OH)2 is low, the 
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Ni(OH)2/MoS2 heterostructures still showed significantly 
enhanced alkaline HER activity as compared with bare MoS2. 
The present results provide new insights into understanding 
the alkaline HER mechanism of TMD-based heterostructures 
and shed light on designing efficient hetero-nanostructures 
towards electrocatalysis applications. 
Experimental section 
Synthetic procedures 
All chemicals were purchased from Sigma-Aldrich (A.R) and 
were used as received without further purification. Ultrapure 
deionized water (18 MΩ cm
-1
) was used in all experiments. 
Preparation of MoS2: MoS2 was prepared through a 
hydrothermal method. In a typical synthetic procedure, 1.235 
g (1 mmol) (NH4)6Mo7O24·4H2O and 1.065 g (14 mmol) CH4N2S 
were dissolved in 35mL deionized water (DI-water) under 
continuous stirring. The obtained solution was transferred to a 
stainless-steel autoclave with a 50 mL Teflon liner, and the 
autoclave was sealed and maintained at 180 °C for 30 h in an 
oven. After cooling to room temperature, the precipitates 
were washed with ethanol (EtOH) and de-ionized water (DI-
water) several times and collected by centrifugation. The 
obtained powders were dried at 60 °C in vacuum overnight to 
get the MoS2 nanosheets. 
Preparation of Ni(OH)2/MoS2 heterostructures and bare 
Ni(OH)2: Typically, 45 mg MoS2 powders were dispersed in 15 
mL EtOH and treated with ultrasonication for 3 h. 
Stoichiometric amounts of NiCl2 and CH4N2O were dissolved 
into the suspension together with 5 mL DI-water and 20 mL 
ethylene glycol (EG), and then the suspensions were 
transferred to a three-neck flask. The flask was then heated on 
a stirring heater at 96 °C for 2 h under reflux condition and 
cooled to room temperature naturally. The precipitates were 
washed with EtOH and DI-water several times and collected by 
centrifugation. After drying at 60 °C in vacuum overnight, the 
final products were obtained. 
The bare Ni(OH)2 was prepared via the same processes as 
preparing Ni(OH)2/MoS2 heterostructures except that no MoS2 
nanosheets were added. 
 
Materials Characterization 
The X-ray diffraction (XRD) patterns were recorded using a 
GBC enhanced mini-materials analyzer X-Ray diffractometer 
with a CuKα radiation (λ=1.541 Å, 25 mA, 40 kV, 2 °min
-1
 from 
10 ° to 70 °). The materials surface chemical state was 
detected by X-ray photoelectron spectroscopy (XPS, Phoibos 
100 Analyser, SPECS, Germany, AlKα X-rays). Raman spectra 
were performed using a Raman JY HR800 Spectrometer with a 
632.8nm He-Ne gas laser with spectral resolution down to 0.35 
cm
-1
. The samples morphologies were characterized by a JEOL 
JSM-7500FA field-emission scanning electron microscope 
(FESEM) at an accelerating voltage of 5 kV. High angle annular 
dark field scanning transmission electron microscopy (HAADF-
STEM) images were acquired on a probe-corrected JEOL 
ARM200F TEM operated at 80 kV equipped with a thermal 
field emission gun and an ultrahigh resolution pole-piece. 
Energy disperse X-ray mappings (EDS) were acquired on FEI 
Talos F200X equipped with four symmetrical EDS signal 
detectors, operated at 200 kV. 
 
Electrochemical tests 
Electrochemical tests were conducted with a rotating disc 
electrode (RDE) systems in 1 M KOH aqueous solution using a 
standard three-electrode electrochemical cell. A Pt mesh and a 
Hg/HgO electrode were employed as the counter and 
reference electrode, respectively. For preparing working 
electrodes, 4 mg catalysts were dispersed in 1 mL testing 
solution containing 32 µL Nafion solution (5 wt%), 768 uL DI-
water, and 200 uL isopropanol by 3 h ultrasonication to form a 
homogeneous ink. Then 10 μL catalyst ink (containing 40 μg of 
catalyst) was loaded onto a GC electrode (mass loading ~ 0.204 
mg cm
-2
) and dried naturally in the ambient air. 
Electrochemical experiments were controlled by a WaveDriver 
20 potentiostat (Pine Research Instruments, US). Prior to HER 
tests, the KOH solution was bubbled with high-purity nitrogen 
for at least 30 min to remove dissolved oxygen. During the 
measurements, the working electrode was constantly rotating 
at 1600 rpm to alleviate diffusion. All potentials reported are 
referenced to the reversible hydrogen electrode (RHE), and the 
ohmic potential drop caused by the solution resistance has 
been compensated with 95% iR-correction. 
Linear sweep voltammetry (LSV) was performed at 5 mV s
-1
 
from 0 to -0.5 V vs. RHE. The stability of the catalysts was 
evaluated by cyclic voltammetry (CV) carried out at a scan rate 
of 100 mV s
-1
 for 1000 cycles. Electrochemical impedance 
spectra (EIS) was measured at various potentials in the 
frequency range of 100 kHz~10 mHz at the amplitude voltage 
of 10 mV.  
 
Calculation of the double-layer capacitance 
The materials electrochemically active surface area (ECSA) is 
evaluated by calculating the double-layer capacitance (Cdl) of 
the electrodes. Cyclic voltammetry (CV) was performed in a 
potential range from -50 ~ 50 mV vs. RHE at 40, 80, 120, 160 
and 200 mV s
-1
 to evaluate the capacitive behavior of the 
electrodes, then Cdl was calculated according to Eq. 1. 
 
2



a c
dl
j j
C                                      (1) 
ja—anodic current density, mA cm
-2
 
jc—cathodic current density, mA cm
-2
 
v—scan rate, mV s
-1 
 
Calculation of the turnover frequency (TOF) 
According to the definition, the number of H2 molecules 
generated per second and the number of active sites should be 
determined to calculate TOF (Eq. 2). The total number of H2 
molecules generated per second can be obtained from 
Faraday’s law of electrolysis (Eq. 3) assuming 100% Faradic 
efficiency. The surface Mo atom is introduced to evaluate the 
number of active sites, which is estimated to be 1.46×10
15
 cm
-2
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for MoS2 based on its lattice constants. For the Ni(OH)2/MoS2 
heterostructures, the surface Mo atom numbers are estimated 
based on the real Mo atom density in the heterostructures 
deduced from XPS results. 
 
2Generated H  molecule number per secondTOF=
Number of active sites
                             (2) 
2
1
2 1000 2

    H A A
Q j t
N N N
F F
                                        (3) 
2H
N —molecule number of H2 
Q—quantity of electric charge, C 
F—Faraday’s constant, 96485 C/mol 
NA—Avogadro constant, 6.02×10
23
 
j—HER current density, mA cm
-2
 
t—unit time, 1 s 
Results and discussion 
The Ni(OH)2/MoS2 heterostructures were prepared via a two-
step solution-phase method, as illustrated in Fig. S1†. The 
obtained samples were noted as 0.05NM, 0.2NM, and 0.5NM 
based on the theoretical Ni/Mo molar ratio. Taking 0.2NM as 
an example, the molar ratio of NiCl2 to MoS2 is 0.2:1 during the 
reflux process. As shown in Fig. 1a, the 0.2NM heterostructure 
inherits the typically curved nanosheet morphology of MoS2 
(Fig. S2†), which is further revealed by the low-magnification 
HAADF-STEM image as shown in Fig. 1b. The EDS mapping 
images illustrate a uniform distribution of Mo, S, Ni and O (Fig. 
Fig. 1 (a) SEM image of 0.2NM. (b) HAADF-STEM image of 0.2NM. (c) EDS mapping images of 0.2NM. (d) HAADF-STEM image of 0.2NM, the arrow indicates the 
direction of the intensity profile, and the inset is the corresponding FFT patterns. IFFT image of (e) MoS2 matrix, (f) Ni(OH)2 cluster, and (g) 0.2NM generated by the 
selected masked FFT spots. Insets: the selected FFT spots. (h) Intensity profiles correspond to (d). (i) The surface plot image of (d). 
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1c), demonstrating the homogeneous dispersion of Ni(OH)2 
species over MoS2 surface. Also, the Ni/Mo atomic ratio for 
0.2NM is calculated to be 8% based on the quantitative EDS 
analysis. In Fig. 1d, the high-magnification HAADF-STEM image 
of 0.2NM shows a typical lattice fringe with a spacing of 0.27 
nm, which could be ascribed to either MoS2 or Ni(OH)2 since 
their cell parameters are too close to be distinguished. 
However, two sets of FFT spots are shown in the 
corresponding fast Fourier Transformation (FFT) pattern in the 
inset in Fig. 1d. Both sets of FFT spots can be indexed to typical 
hexagonal structures along [001] zone axis with slight lattice 
mismatch (2%) and angular misorientation (9 °). By applying 
inversed FFT (IFFT) on the selected FFT spots, two patterns are 
regenerated and displayed in Fig. 1e and f. Specifically, the 
lattice fringes of {100} planes in Fig. 1e and f are calculated to 
be 0.272 and 0.267 nm, which can be assigned to the MoS2 
substrate and Ni(OH)2 species, respectively. The reassembled 
FFT patterns and the corresponding IFFT image are displayed 
in Fig. 1g, which resembles Fig. 1d. The small lattice mismatch 
and angular misorientation between Ni(OH)2 and MoS2 
demonstrate the epitaxial relationship between Ni(OH)2 
nanoclusters and MoS2, where [100]Ni(OH)2∥ [100]MoS2 and 
(100)Ni(OH)2∥ (100)MoS2. It is also worth noting that such tiny 
lattice difference between Ni(OH)2 and MoS2 is actually 
beyond the resolution of the TEM, and additional evidence has 
to be employed to locate Ni(OH)2 clusters. To address this 
issue, we analyze the intensity of the heterostructure based on 
the z-contrast of the HAADF-STEM image,
26, 27
 where the 
intensity in the image is proportional to the square of atomic 
numbers.
28
 Fig. 1h is the intensity profile of the path labelled in 
Fig. 1d, and the arrows indicate the direction of the path. 
Calculations demonstrate that the intensity ratio of the 
proposed Ni(OH)2/MoS2 heterostructure is in good accordance 
with the theoretical values. Similar results can also be found in 
Fig. S3†, and the detailed calculation process can be found in 
Note S1†. The surface plot of the heterostructure is shown in 
Fig. 1i, further illustrating the Ni(OH)2/MoS2 heterostructure. 
Based on these analysis, the Ni(OH)2 species possess an 
atomic-scale cluster morphology with an average size of 2~5 
nm. 
XRD patterns are shown in Fig. S4†. For MoS2, the broad peaks 
at 22.7 ° and 58.3 ° can be indexed to the (100) and (110) 
planes of hexagonal MoS2 (JCPDS # 37-1492). The diffraction 
peaks at 11.4 °, 33.9 °, and 60.2 ° in Ni(OH)2 spectra can be 
attributed to the (003), (101), and (110) planes of ɑ-phase 
Ni(OH)2 (JCPDS # 89-7111). However, the low loading content, 
poor crystallinity, and the ultra-small size of the Ni(OH)2 
nanoclusters result in low XRD intensity; therefore, the XRD 
patterns of Ni(OH)2/MoS2 heterostructures are dominated by 
MoS2 substrates, and no characteristic diffraction peaks of 
Ni(OH)2 is observed. The chemical compositions of the samples 
were characterized by XPS. For bare MoS2, the two peaks with 
binding energies of 228.7 and 231.9 eV in Fig. 2a correspond to 
Mo 3d5/2 and Mo 3d3/2, respectively; and the two peaks 
Fig. 2 High-resolution XPS spectra of (a) Mo 3d, (b) S 2p, (c) Ni 2p, and (d) O 1s.
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located at 161.6 and 162.7 eV in Fig. 2b can be assigned to S 
2p3/2 and S 2p1/2, respectively.
29
 In Fig. 2c, two major peaks 
corresponding to Ni 2p3/2 and Ni 2p1/2 are observed at 855.8 
and 873.5 eV, and two satellite peaks at 861.8 and 879.7 eV 
are found in the spectra of bare Ni(OH)2.
30
 In Fig. 2d, the 
characteristic O 1s peak of Ni(OH)2 is found at 531.1 eV,
31
 
while the peak at 532.8 eV in the spectra of MoS2 is originated 
from the adsorbed O2 on MoS2 surface.
32
 For the 
Ni(OH)2/MoS2 heterostructures, O 1s peaks derived from both 
the adsorbed O2 and the Ni(OH)2 species could be clearly 
observed and fitted (Fig. S5†), which also confirms the 
existence of Ni(OH)2 species. Moreover, the binding energies 
of both Mo and S shift negatively in the Ni(OH)2/MoS2 
heterostructures, while the binding energies of Ni move 
positively compared with bare Ni(OH)2. Particularly, for 0.2NM, 
the binding energies of Mo and S decrease about 0.3 eV 
compared with bare MoS2, while the binding energy of Ni 
increases 1.8 eV compared with bare Ni(OH)2. In general, this 
variation in binding energies demonstrates a strong electronic 
interaction between the components. In this case, electron 
transfer from Ni(OH)2 to MoS2 is suggested,
10, 33
 which will 
increase the electron density and enhance the proton affinity 
of MoS2, resulting in higher HER activity.
34
 On the other hand, 
such electron transfer will lower the energy gap between the 
highest occupied molecular orbital (HOMO) of MoS2 and the 
lowest unoccupied molecular orbital (LUMO) of the absorbed 
hydrogen and hence accelerate the charge transfer process.
35, 
36
 In addition, XPS results also indicate a Ni/Mo molar ratio of 
8% for 0.2NM, which is in perfect consistency with the 
quantitative EDS analysis. 
The HER performance was evaluated in N2-saturated 1M KOH 
solution using a standard three-electrode electrochemical cell. 
All the presented LSV data were obtained at a scan rate of 5 
mV s
-1
 and were corrected with 95% iR compensation. Fig. 3a 
shows LSV curves of Ni(OH)2/MoS2 heterostructures, MoS2, 
Ni(OH)2, and bare GC. Specifically, the LSV curve of Ni(OH)2 is 
almost identical to bare GC, and the required overpotential to 
reach a current density of 10 mA cm
-2
 is higher than 600 mV, 
indicating that Ni(OH)2 is electrochemically inert for alkaline 
HER. For MoS2, the overpotential at 10 mA cm
-2
 is 370 mV in 
1M KOH, which is much higher than that in acidic media (Fig. 
S6†) due to the sluggish reaction kinetics of water 
dissociation.
19
 After decorating with Ni(OH)2 nanoclusters, the 
catalytic activity of MoS2 is substantially improved. As shown 
in Fig. 3b, to reach a current density of 10 mA cm
-2
, the 
overpotential is decreased to only 236, 227 and 273 mV for 
0.05NM, 0.2NM, and 0.5NM, respectively. At an overpotential 
of 300 mV, the current density is only 2.8 mA cm
-2
 for MoS2, 
whereas the value reaches 34.4 mA cm
-2
 for 0.2NM, which is 
more than 10 times that of MoS2. It is interesting that the 
catalytically inert Ni(OH)2 with such a low content can induce 
such significant enhancement in alkaline HER activity, which 
can be partly ascribed to the atomic-scale Ni(OH)2 cluster that 
helps to achieve a uniform dispersion. The 0.2NM 
heterostructure also shows better stability than MoS2 in 1 M 
KOH as demonstrated in Fig. 3c. The LSV curve of 0.2NM 
obtained after 1000 CV cycles shows a tiny shift compared 
with the initial one. The heterostructure also reserve similar 
nanosheets morphology after the stability test (Fig. S7†). 
However, for MoS2, the overpotential at 10 mA cm
-2
 increases 
by 20 mV after 1000 CV cycles, which could be caused by the 
deactivation effect of OH
-
.
37
  
Tafel slopes are obtained by fitting the Tafel plots in Fig. 3d to 
get a deeper insight into the catalytic mechanism. A large Tafel 
slope of 124 mV dec
-1
 is obtained for MoS2, indicating that the 
rate determining step (RDS) is the Volmer step in which water 
molecules break into protons and hydroxyls (OH
-
). However, 
neither the edges nor basal planes of MoS2 are favored for the 
Fig. 3. (a) LSV curves of the samples as indicated. (b) The overpotential at the current density of 10 mA cm-2 and the current densities at the overpotential of 300 
mV of the sampels. (c) LSV curves of MoS2 and 0.2NM measured before and after 1000 CV cycles. (d) Tafel plots of the samples as indicated. (e) Calculated Cdl for 
the samples. (f) Nyquist plots of MoS2 and 0.2NM, and the equivalent circuit used for fitting 
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water adsorption/dissociation.
18
 As a result, the sluggish water 
dissociation process significantly hindered the alkaline HER 
activity of MoS2. Compared with MoS2, the Tafel slope of 
0.2NM decreased to 105 mV dec
-1
, indicating an accelerated 
water dissociation process. Moreover, the HER inertness of 
Ni(OH)2 is probably due to the lack of adsorption sites for 
hydrogen. Fig. 3e shows the double-layer capacitance (Cdl) of 
catalysts deduced form CV curves at various sweep rates (Fig. 
S8†), which is commonly used as a descriptor for the ECSA. The 
extremely small Cdl (1.44×10
-4
 mF cm
-2
) of Ni(OH)2 indicates a 
negligible hydrogen adsorption capability, whereas the large 
Cdl (18.7 mF cm
-2
) of MoS2 demonstrates its superior capability 
for hydrogen adsorption. Both 0.05NM and 0.2NM exhibit 
similar ECSA to MoS2, but the ECSA decreases significantly for 
0.5NM due to excessive coverage of catalytically inert Ni(OH)2. 
Notably, 0.5NM delivers better HER performance than MoS2 
despite the lower ECSA, suggesting that the catalytic activity is 
synergistically determined by the active sites for water 
adsorption/dissociation and hydrogen adsorption. EIS were 
measured to further explore the different electrochemical 
behavior induced by inert Ni(OH)2. Fig. 3f shows the Nyquist 
plots of 0.2NM and MoS2 at -200 mV vs. RHE. Both spectra 
consist of a semicircle at high frequency which represents the 
hydrogen adsorption behavior and a semicircle at low 
frequency that is associated with the charge transfer process.
38
 
The spectra are fitted with an equivalent circuit shown in Fig. 
3f, and the fitted results are listed in Table S1†. Compared with 
MoS2, 0.2NM exhibits a primarily decreased charge transfer 
resistance (Rct), demonstrating an accelerated faster charge 
transfer process after the incorporation of Ni(OH)2. 
The TOF was calculated to investigate the intrinsic activity of 
the catalysts. The number of surface Mo atoms was employed 
as the number of active sites.
39
 The TOF versus overpotential 
plots are obtained by reforming LSV curves, as shown in Fig. 
4a. Compared with MoS2, the 0.2NM heterostructure shows 
much higher TOF values and the required overpotential to 
reach the same TOF decreased nearly 150 mV. At an 
overpotential of 300 mV, the TOF of MoS2 is only 6 s
-1
, whereas 
the TOF of 0.2 NM increases to 84 s
-1
, more than 10 times 
Fig. 4. (a) TOF vs. potential plots for the samples. LSV curves of (b) MoS2 and (c) 0.2NM at different temperatures. (d) The Arrhenius-type 
semi-logarithmic plot of current density on inverse temperature. 
Fig. 5. Illustration of the HER mechanism on Ni(OH)2/MoS2 surface in alkaline media, 
showing the synergistic effect between Ni(OH)2 and MoS2. 
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higher than that of MoS2. The large TOF values demonstrate 
high intrinsic activity of Ni(OH)2/MoS2 heterostructures, which 
is comparable to the most advanced noble-metal-free catalysts 
in alkaline media as listed in Table S2†. It should be mentioned 
that the catalysts grown on macroscopic substrates (e.g. nickel 
foam, carbon cloth, etc.) generally exhibit much higher activity 
than the catalysts deposited on GC electrode, and the most 
important reason is perhaps the much higher catalyst mass 
loading rather than intrinsic activity.
3
 
To obtain deeper insights into the enhanced intrinsic activity, 
LSV curves were obtained at a temperature range from 298 K 
to 330 K as shown in Fig. 4b and c. Both the bare MoS2 and 
0.2NM show enhanced catalytic activity at higher 
temperatures. The exchange current densities of the HER were 
calculated based on the corresponding Tafel slopes, and the 
obtained exchange current densities are plotted in a semi-
logarithmic coordinate with the reciprocal of temperature as 
shown in Fig. 4d. Based on the Arrhenius law, the apparent 
activation energy is calculated to be 56.9 kJ mol
-1
 (0.59 eV) for 
MoS2, which is close to those previously reported results.
40, 41
 
For 0.2NM heterostructure, the apparent activation energy 
decreases to 23 kJ mol
-1
 (0.24 eV). Clearly, a decreased 
apparent activation energy means a low energy barrier and 
hence an easier reaction process. The overall reaction process 
can be illustrated in Fig. 5. Due to the presence of the Ni(OH)2 
nanoclusters, the water dissociation process is substantially 
promoted, and the generated hydrogen can subsequently 
adsorb on the exposed MoS2 surface; meanwhile, the Ni(OH)2 
nanoclusters also accelerate the Heyrovsky step of the HER, in 
which process the generated hydrogen atom combined with 
an adsorbed hydrogen atom to form a hydrogen molecule. 
This synergistic effect between Ni(OH)2 and MoS2 endows the 
enhanced HER performance of the Ni(OH)2/MoS2 
heterostructures in alkaline media.  
Conclusions 
In summary, we synthesized Ni(OH)2/MoS2 heterostructures 
with Ni(OH)2 nanoclusters epitaxially grown on the surface of 
MoS2 towards enhanced alkaline HER. Detailed analyses reveal 
the epitaxial relationship between Ni(OH)2 nanoclusters and 
MoS2, where [100]Ni(OH)2∥ [100]MoS2 and  (100)Ni(OH)2∥ (100)MoS2. 
Although Ni(OH)2 is electrochemically inert for HER, the 
alkaline HER activity of MoS2 is substantially promoted by a 
low content of Ni(OH)2. As compared with MoS2, the required 
overpotential to reach a current density of 10 mA cm
-2
 is 
decreased by nearly 150 mV for the optimized 
heterostructure, and the TOF at an overpotential of 300 mV is 
increased by more than 10 times. The incorporation of Ni(OH)2 
nanoclusters can not only promote the water 
adsorption/dissociation process but also modulate the 
electronic structure of MoS2, and eventually the synergistic 
effect between MoS2 and Ni(OH)2 induces substantially 
enhanced alkaline HER kinetics. The results represent an 
effective strategy for preparing heterostructures with atomic-
scale second phases and would open a new avenue into 
designing efficient hetero-nanostructures towards energy 
applications. 
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